Abstract-An approach of reducing Mutual Coupling between two patch antennas is proposed in this paper. Here, a meander line resonator is placed in between the radiating elements. By inserting the meander line resonator between the patch antennas with the edge-to-edge distance less than λ/18, about 8 dB reduction of Mutual Coupling throughout the 10-dB bandwidth has been achieved without degrading the radiation pattern. The circuit model of the proposed configuration is carried out in this paper. The envelope correlation coefficient investigation has been done and the results are presented. The proposed structure has been fabricated and measured.
INTRODUCTION
Mutual Coupling is an inevitable phenomenon for multiple antenna system. This property degrades the system performance in two ways, namely by increasing coupling and by distorting the radiation pattern. It is well-known that coupling between two patches, two apertures, or two wires is a function of position of one element relative to other [1] . The aforesaid problem will be increased if the antennas are very close to each other.
Reduction of Mutual Coupling is one of the most appealing domains for antenna designers since early days. Generally, Mutual Coupling analysis is made by two ways; transmission line model [2] and cavity model [3, 4] . Recently some of the methodologies [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] were used for the reduction of Mutual Coupling by using some structures like Electromagnetic Band Gap (EBG) structure [5] [6] [7] [8] , Defective Ground Structure (DGS) [9] , different shape resonator [10] [11] [12] etc. In [13] , a slot was designed on the ground plane to decrease Mutual Coupling between radiating elements. The configuration used in [13] is a simple structure, but it affected the radiation pattern mainly on the rear side. Degradation in radiation pattern could be overcome by mushroom type EBG structure [5, 6] . However, these structures involved plated through hole (vias) which generates an electric loss and also the structures are very complicated from manufacturing perspective. For eliminating the need of vias, a novel uni-planar compact EBG (UC-EBG) structure was proposed in [7, 8] . Main disadvantages of the UC-EBG structure are its design complexity. It is noted that to reduce mutual coupling a multilayer structure has been proposed in [17] .
Some other techniques were reported by using slotted complementary split ring resonator (SCSRR) [14] and slot combined complementary split ring resonator (SCCSSR) [15] structure to reduce the Mutual Coupling between the radiating elements. It is noted in [15] that the gain of the antenna was reduced and the side lobe level was enhanced with respect to the reference antenna. Waveguide Metamaterial (WG-MTM) is also an effective choice to increase isolation between two radiating elements [17] [18] [19] . In [17, 18] magnetic resonance property as well as band gap property of WG-MTM were used to reduce coupling between two H plane couple patch antenna. Epsilon negative (ENG) and Mu negative (MNG) WG-MTM structure were used in [19] to reduce surface wave coupling between E plane and H plane couple patch antenna respectively. Different resonating structure was placed between the radiating elements to decrease Mutual Coupling [10] [11] [12] . The main challenge of the resonator design is to control cross polar power that may increase due to horizontal arms in the resonator structure [10] .
In this paper, a meander line resonator is inserted between the radiating elements for better isolation with minimum level of cross polar power. It is found that a significant increased isolation can be obtained between a pair of microstrip antennas with edge to edge distance of λ/18 between two elements. The coupling suppression of 8-10 dB is obtained throughout the 10 dB impedance bandwidth. The circuit model of the proposed configuration is developed and circuit parameter values are extracted in this paper. The proposed design can be employed for reducing Mutual Coupling value of closely placed patch antenna effectively.
ANTENNA STRUCTURE
The setup model used to demonstrate the Mutual Coupling reduction is shown in Figure 1 Two patches are coupled through all present media, i.e., substrate and air, when they are placed closed to each other. The coupling through substrate layer is done by the surface wave, and the coupling through the air medium is the direct patch-to-patch near field coupling [10] . One of the two couplings may become dominant depending on its topology and geometry of the structure.
The direct Mutual Coupling between two patch elements can be controlled by adding an extra indirect coupling path. The main aim of this work is to create a suitable extra coupling path that opposes the signal going directly from one radiating element to other. An extra requirement is the decoupling unit should not degrade the radiation pattern.
In this design meander line resonator act as a decoupling unit which is shown in Figure 1 (b). Meander line resonator has four long arms with an opposite current flow as shown in Figure 2 . For this phenomenon their contribution to the far field to be cancelled by each other, preventing destructive effects on the radiation properties of the elements. 
RESULT
The two patch antennas are placed 6 mm (edge to edge) apart from each other. A meander line resonator is sandwiched between them to reduce Mutual Coupling between the radiating elements. To investigate the proposed antenna design shown in Figure 1 , high frequency structure simulation (HFSS) software [21] are used for simulation and optimization. Figure 3 exhibits S 21 variation for different length (L s ) of meander line resonator. It is found that the optimum length (L s ), width (W s ) and gap (g s ) of the meander line are 21 mm, 0.5 mm and 0.5 mm respectively. S parameters of the antenna structure are presented in Figure 4 . S 21 of the antenna without meander line resonator is about −10 dB in the operating region. However, there is a non-zero coupling between two radiating element or antenna port indicated by the S 21 curve mainly in the operating region. By inserting the proposed decoupling element, S 21 is decreased around −20 dB in the operating band of the antenna. It can be seen that the improvement is achieved over the full operating range of the antenna system. In order to provide a deep understanding of the overall configuration the conceptual equivalent circuit model is shown in Figure 5 . The equivalent circuit is a network realized by cascading three circuit sections together. In the equivalent circuit representation the patch antenna can be modelled by a resonant circuit with inductance L P and capacitance C P which is marked as Section 1 whereas the equivalent circuit of the decoupling unit, that is the meander line resonator is marked as Section 2 in Figure 5 . It might be noted in Section 2 that, the inductance L M L and the capacitance C M L mainly model the effect of the meander line section and depends upon the length (L s ) and gap (g s ) between the two consecutive horizontal arms. The losses such as ohmic and dielectric loss associated with the meander line resonator are modelled by R M L in the circuit. It is well-known that, the resonance frequency (f r ) of such decoupling unit is dependent on the value of inductance (L M L ) and capacitance (C M L ). In order to provide further mathematical explanation the value of L M L and C M L can be computed by the help of Equation (1).
It might be noted that the coupling between patch and meander line resonator is a combination of inductive (L C ) and capacitive (C C ) coupling as shown in Section 3 of Figure 5 . The former one is more dominated because the meander line is coupled via non radiating edge of the patch antenna. The circuit parameters of the equivalent circuit model have been extracted by the help of optimizing and tuning feature of Ansoft designer [22] . The parameter of equivalent lumped circuit model is extracted and tabulated in Table 1 . Figure 6 of shows the full wave EM simulated and circuit simulated S 21 of the proposed and reference antenna. Reasonable consistency is observed in the frequency region of interest Table 1 . Optimize value of the equivalent circuit model of the proposed structure. between the circuit and full wave EM simulated results. Another important parameter for the isolation is envelope correlation coefficient. The diversity capability of a system can be evaluated using the envelope correlation coefficient. According to [20] the envelope correlation coefficient between two elements can be calculated by the Equation (2) .
where Ω is the solid angle,
, and E θ1 (Ω), E θ2 (Ω) being the θ (vertical) polarised complex radiation patterns of antennas 1 and the antennas 2 of the system, and E ϕ1 (Ω), E ϕ2 (Ω) being the ϕ (horizontal) polarized complex radiation patterns of antenna 1 and the antenna 2 of the system; XPR is the cross polar discrimination is defined as time averaged vertical to horizontal power ratio. The θ and ϕ component of the angular density function of the incoming wave are denoted by P θ and P ϕ . Assuming uniform propagation as mention in [20] , we can write XPR=1 and P θ = P ϕ = 1 4π . It reduces Equation (2) to
By the help of Equation (3), envelope correlation coefficient is computed and shown in Figure 7 . It is shown that the proposed design has less correlation coefficient than the reference one at the operating frequency.
The normalized radiation pattern of antenna is shown in the Figure 8 . It is shown that there is no change in the co-polar radiation pattern and acceptable cross polar performance has been obtained which is below −15 dB with respect to co-polar radiation pattern in both E-plane and H-plane. Figure 9 shows the fabricated prototype of the proposed antenna structure. Table 2 demonstrates a comparison of diversely reported technique from the isolation point of view. DGS [9] or slot in the ground plane [13] reported maximum isolation between two elements, yet it deteriorated radiation pattern. EBG [5, 6] , UC-EBG [7, 8] and WGMTM [17] [18] [19] are the most appealing choice to reduce surface wave coupling between two elements, without affecting radiation pattern, but it increase design difficulties a lot. It is seen from our design by using a simple structure, a very minimum edge to edge distance in between the radiating patch has been observed compared with all other reported designs.
CONCLUSION
In this paper, Mutual Coupling reduction using meander line resonator between two patch antennas has been demonstrated. With edge-to-edge spacing of 6 mm (λ/18) an enhancement of 8-10 dB isolation at the operating frequency is achieved. A comparative study report showing Mutual Coupling reduction in respect of common design parameters as reported in various techniques has been furnished in Table 2 . The measured results are also found to be in good agreement with the simulated ones. The proposed design may have its footprint in MIMO, RFID technology and Radar applications.
